In this study, the distribution of surface heat transfer induced by dual side-jets injected into a hypersonic flow has been visualized using a temperature sensitive paint. The experiments were performed in both tandem and parallel injector arrangements, and the spacing between the injection holes was taken as a parameter in each arrangement. As a result, the aerodynamic heating in the separated region of the boundary layer and in the horseshoe vortex was clearly visualized. In the tandem arrangements, heat transfer remarkably increased immediately upstream of the front injector. The distributions and the intensity of surface heat transfer were similar to those caused by the single injection. On the other hand, in the parallel arrangements, the extent of the separation nearly doubled, and the maximum heat flux decreased to less than half of that from the single injection. The global distribution of heat transfer varied significantly as the injector spacing was changed. When the injectors were positioned with a large spacing, the interaction between the side-jets was relatively lowered, and thus distribution, as for the single injector, was induced around each injection hole individually. In contrast, with a short spacing, the dual injection behaved as a single obstacle. The most effective reduction of maximum heat flux was achieved with an intermediate injector spacing.
Introduction
Aerodynamic interaction induced by side-jet injection into supersonic and hypersonic cross flow has been investigated in a number of previous works [1] . The flow physics have an impact on applications such as reaction control systems (RCS) of rockets and fuel injection in scramjet engines.
Side-jet injection into hypersonic cross flow creates a complex, three-dimensional flow field; thus, the surface pressure and heat transfer are influenced by the interaction. A schematic of a typical flow field is shown in Figure 1 . A barrel shock and Mach disc are formed in the jet plume. A bow shock is generated in the main flow upstream of the side-jet because the jet plume acts as an obstacle. The boundary layer upstream of the jet is separated due to an overpressure at the bow-shock site, and a separation shock is generated. Two different types of vortices are generated in the flow field: a counterrotating vortex (CRV) pair arising in the wake of the jet plume [2, 3] and a horseshoe vortex generated in the separation region in front of the sidejet, which develops downstream and wraps itself around the jet. The area of the separation region and number of horseshoe vortices are determined by conditions of uniformflow Reynolds number, the nozzle pressure ratio (NPR) of the jet, and the angle of attack of the model [4, 5] . The horseshoe vortex in the vicinity of the wall induces surface heat transfer augmentation and reduction along its reattachment and separation lines, respectively [4, 6] .
In several RCS concepts, multiple injections of the sidejets have been employed [5, 7, 8] . The flow field of multiple injections into hypersonic flow is much more complex than single injections because of the interaction between the jets [9] . Several studies have been conducted for fixedjet configurations in some specific designs. Watkins et al. visualized pressure and heat transfer distribution associated with a four-cluster yaw-jet RCS, which was mounted on the aft-body of an Orion concept configuration [7, 8] . They reported that the four jets showed a relatively lower heat transfer increase, as compared to a conventional single jet, in terms of both the heating intensity and the extent. It was also reported that multiple injections in a "parallel configuration" (i.e., injection holes are aligned normal to the freestream) extended the separation area further upstream than single injections [5, 10] . Pudsey et al. investigated four jets injected into hypersonic cross flow in a "tandem configuration" (i.e., injection holes are aligned streamwise). They suggested that a jet positioned behind another jet can restrict the expansion of the upstream jet, and this effect is relaxed as the jets spacing is increased [11] .
The main purpose of this work is to understand the aerodynamic heating induced by dual injection. As mentioned above, several previous works have been performed that focused on multiple-injection interactions [5, [7] [8] [9] [10] [11] . From those results, it is expected that injector arrangements have a large influence on the associated interaction flow field and the surface pressure distribution. On the other hand, surface heat transfer has been investigated only for a single injector [4, 6] , except for some application concepts [7, 8] . The aerothermodynamic effect induced by multiple injections is thus still not understood systematically. This study focuses on changes of the aerodynamic heating intensity and its extent on the wall, caused by controlled dual-injector arrangements. Our main goal is to bridge the interaction of the flow field and the aerothermodynamic effect on the wall, which is associated with dual injection using several injector arrangements. It would thus be useful to estimate an optimum injector arrangement in terms of thermal load on the wall.
In the present study, two types of injector arrangements, tandem and parallel, on a hemisphere-cone model were investigated. This model was employed because interaction studies on this model with a single injection had been conducted under the same experimental condition in previous works [12, 13] , both experimentally and numerically. Thus, the flow field on the model had been well understood for a single injection. The distance between the dual injectors was changed in three levels. Variations in surface heating patterns, configurations of shock systems, and heat transfer increase (and reduction), based on the jets spacing, are described in detail. Surface heat transfer, which is represented in terms of Stanton number distribution and measured by means of temperature sensitive paint, is used to understand the interaction of the flow field. On the other hand, Schlieren visualization is used to visualize the shock system. The flow field associated with a single injector, under the test conditions in this study, is firstly discussed as a reference, before focusing on dual injectors.
Experimental Setup

Shock Tunnel.
All tests were conducted in the reflected shock tunnel of Nagoya University. This wind tunnel consisted of a high-pressure driver tube (6.5 m), a driven tube (10 m), a Mach 8.1 hypersonic nozzle and a damp tank. The cross-sectional diameter of nozzle exit in the test section is 350 mm. The dimensions are shown in Figure 2 . The driver and driven tube are partitioned by two 1-mm thick aluminum diaphragms to create a medium-pressure section. Air is used as both driver and driven gas. Initial condition of the shock tunnel operation in each section was set as 4 MPa in the highpressure driver tube, 2 MPa in the medium-pressure section, 1 atm in the driven tube, and a vacuum (∼6 Pa) in the damp tank. When the shock tunnel starts, the medium pressure is released to atmosphere, and the two diaphragms rupture due to the pressure differential. A normal shock propagates downstream in the driven tube, and a gas of high pressure and temperature is created at the edge of the tube, which expands and accelerates through the hypersonic nozzle to Mach 8.1. The shock tunnel generates a test flow of Mach 8.1 for a duration of 30 ms, with total pressure 0 = 4.0 MPa, total temperature 0 = 876 K, and unit Reynolds number Re = 6.5 × 10 6 m −1 , as shown in Table 1 .
Wind Tunnel Model and Injection
System. The dimensions of the wind tunnel model are shown in Figure 3 and schematic of the experimental system, in Figure 4 . The test model had a hemisphere-cone configuration, with sphere radius = 20mm, total body length = 120 mm, and half-angle cone = 10 ∘ . It was fixed on the sting in the test section, and the blunt-nose was positioned 0.1 m downstream from the hypersonic nozzle exit. The angle of attack was maintained at 0 ∘ . This model had an injection system inside itself, which was composed of one/two sonic nozzle(s) and a plenum chamber. The sonic nozzle was a brass pipe which had a circular cross-section with outerdiameter 3.0 mm and inner-diameter = 1.5 mm. One/two holes of 3-mm diameter was/were made on the model surface to flush-mount the sonic nozzle(s). Hence, the cross-section of the brass pipe was exposed to the model surface (see , and any paints were not applied onto this region. Air pressure was supplied from an external pressure chamber and controlled by a pressure regulator. The injection and the measurement were triggered by a signal at a TransistorTransistor Logic (TTL) level which is generated when the shock tunnel starts. The solenoid valve was driven by a DC power-supply which was switched by solid-state relay. This system was employed to retain the initial vacuum condition in the damp tank.
A two-dimensional coordinate system along the model surface was defined as shown in Figure 5 . The origin of the coordinate system was set at injection hole SJ1, which was 15 mm upstream from the trailing edge of the model. The angle of rotation, , was defined to express a line that passed through an injector and the apex of the cone. The -axis was positioned at = 0 ∘ . The relative positions of the two injection holes shown in Figure 5 were controlled as a test parameter; the locus of another injection hole (SJ2) was changed to control the distance between two injection holes, while SJ1 was fixed. Two different configurations of dual injection were tested. The first one was the "tandem" configuration, where the two injection holes were aligned streamwise. The location of SJ2 was changed at three levels, = 3.36D, 6.72D, and 10.1D. The second was the "parallel" configuration, where the injectors were aligned in a normal direction to the stream. The spacing between the two injection holes was changed at three levels, = 4D, 8D, and 12D. Thus, the second injection hole (SJ2) positions were = 9.6, 19.2, and 28.8 ∘ , respectively. All of the jets were injected through the sonic nozzle at a constant total pressure, 0 = 0.71 MPa. NPR = 0 / ∞ was retained at NPR = 1.01 × 10
3 . Coaxial-thermocouples were flush-mounted on the model surface for the reference in the noninjection case. 
Temperature Sensitive Paint.
Temperature sensitive paint (TSP) is a temperature-measurement technique based on image sensing of temperature quenching of the paint [14] . Because luminescence from the paint is detected by a complementary metal oxide semiconductor (CMOS) camera, global information of surface temperature of the model can be obtained with a fine spatial resolution. The paint employed in this study consisted of Ruphen as the luminophore, polyacrylic acid as the binder, and ethanol as the solvent. Ruphen is a type of Ruthenium complex and a type of typical temperature sensitive luminophore used for TSP [15] .
TSP was sprayed over a white polyurethane resin (PUR) layer, which was applied onto the model surface, except for the circular region with a diameter of 2D (i.e., 3 mm) around each injector hole. This base coating provided a low thermal effusivity, √ , which was necessary for measurements with TSP to assume one-dimensional thermal conduction in the wall, for a short duration of test time. The thermal properties of PUR at room temperature were measured by differential scanning calorimetry (specific heat capacity, ) and the periodic heating method (thermal diffusivity, ). The values were determined as = 1.02 × 10 3 kg/m 3 ± 5%, = 1.45 kJ/kg K ± 6%, and = 1.36 × 10 −7 m/s 2 ± 5%. Thus, the uncertainty in the Stanton number calculation was 8.2%. The thickness of the base coat was controlled to be thicker than 0.1 mm. In addition, the white base coating also enhanced signal-to-noise ratio (SNR) on the detection of luminescence emitted from the paint.
The TSP measurement system is also shown in Figure 4 . The TSP layer was excited by a blue, 24-W LED, which had a wavelength of 450 ± 50 nm. This LED was fixed at | | = 0.3 m inside the damp tank. The luminescence emitted from the TSP layer was captured by a high-speed camera (FASTCAM-1024PCI, Photron), which was fixed at | | = 1.1 m outside the test section, with 512 × 512 pixels, a 3000-fps frame rate, and a 1/3,000 s exposure time. A 580-nm long-pass filter was inserted in front of the camera lens. Spatial resolution of the TSP measurements was approximately 0.35 mm/pixel at = 0 ∘ .
Temperature-and Pressure-Sensitivity of the Paint.
Temperature-and pressure-sensitivity of the paint were investigated in advance. A schematic of the calibration system is shown in Figure 6 . TSP was applied over a piece of aluminum plate coated with white PUR paint. The specimen was placed onto a Peltier device, which was mounted on a heat sink in the chamber. The surface temperature on the Peltier device was controlled by a DC power-supply and monitored by a type-K thermocouple. The TSP was excited by the blue LED through the window, and the luminescence emitted from the paint was detected by the CMOS camera with the optical filter. The pressure could also be controlled from a vacuum (∼6 kPa) to 1 atm by using a vacuum pump.
The temperature-sensitivity of the paint is shown in Figure 7 . Calibrations were performed three times in the vacuum condition with individual specimens to confirm repeatability of the temperature-sensitivity. Each specimen was prepared with individual paints, which had the same proportion of the constituents. Each curve showed good repeatability. The temperature-sensitivity was 3.2%/K at 300 K, and it decreased as the temperature was increased. All data obtained by means of TSP was converted from a normalized-intensity map into surface temperature distribution on the model. A calibration at 1 atm was also conducted to investigate the pressuresensitivity of the paint. It is shown in Figure 8 that the largest difference was observed at 305.15 K, which involved 5.3% oxygen quenching, while the pressure difference was 95 kPa. In the wind tunnel tests, the static pressure of the uniform flow was 377 Pa, and the stagnation pressure was 32.1 kPa. Thus, the pressure differential between static and pitot pressure was 31.7 kPa. This differential pressure induced 1.8% oxygen quenching at the stagnation point. Therefore, the temperature was overestimated by 0.6 K at the maximum due to the pressure-sensitivity. This error was only 0.7% of the temperature increment of the TSP layer at the stagnation point, which was approximately 80 K. Hence, the pressure-sensitivity of the TSP had a negligible impact on the temperature-sensitivity.
Stanton Number Calculation.
The convective heat transfer rate on the model surface can be calculated by using (1).
It is based on one-dimensional heat conduction in a semiinfinite medium, including a linear approximation proposed by Cook and Felderman [16] . According to this equation, surface heat transfer depends on the thermal properties of the base material and the history of temperature rise. Therefore, the heat flux and Stanton number, which is calculated from TSP data, may include an error due to the uncertainty of the thermal properties.
The heat transfer rate is described in terms of the Stanton number, which was proposed by Abgrall et al. [17] . The definition of Stanton number is as shown below:
2.6. Validation of TSP Data. St distribution on the -axis in the case of no injection is shown in Figure 9 , where the closed circle represents the thermocouple data and the curves represent the TSP data. The mean value of St measured by TSP is about 8 × 10 −3 at / = −50 and tends to decrease A reference St, based on Lees' equation [18] , is also shown as a broken line. The theory gives heat flux distribution on a hemisphere-cone body as a ratio to stagnation value. The heat flux at the stagnation point is calculated by using the Fay-Riddell equation [19] . The wall temperature, which is necessary to calculate St, was calculated using (3). This equation was derived from one-dimensional heat conduction on a semi-infinite wall, with a constant heat flux input. Then St is calculated by using (2). The value predicted by the theory is consistent with the TSP data in the range of uncertainty.
The standard deviation of the TSP data was 4 × 10 −4 , in terms of St, which is attributable mainly to the camera noise. The SNR was approximately 2 against the minimum St at St = 8 × 10 −4 in a no-injection condition, whereas it reached approximately 30 against the maximum St at St = 1.5×10 −2 , in a case with injections. Error induced by the curvature of the model was also investigated experimentally. It was uniquely determined by the local luminous intensity of the TSP layer. On the model, the error increased gradually as increased and reached double at = 60 ∘ . Slight movement of the wind tunnel model due to aerodynamic forces also induced another measurement error. In this study, the movement of the projected image of the model on the CMOS sensor was less than one pixel of the CMOS sensor. Even if the model image moves by one pixel, the relative error in terms of St is less than St = 2 × 10 −5 , which is much smaller than the camera noise. By contrast, the model movement caused a significant error in the vicinity of injection holes, because the detected intensity was affected by the hole displacement. Therefore, St data in a circular region with a diameter of 3D (i.e., 4.5 mm) around injector holes were intentionally omitted from all the plots and maps. Another error factor of the TSP data was the uncertainty of the thermal properties of the PUR. As shown in (1) and (2), St is proportional to the thermal effusivity; thus, its uncertainty is added to the uncertainty of St directly. The range of uncertainty of St on the TSP data, as shown in Figure 9 by broken lines, included ±1 camera noise, uncertainty of the thermal effusivity of PUR, and dispersion of test flow conditions.
The thermocouple measurement was conducted over six runs under the no-injection condition, because number of available thermocouples for a run was limited to only two thermocouples. The scattered data of the thermocouple was distributed along the upper limit of uncertainty of the TSP data and is consistent with the TSP data in the range of uncertainty. The data at / = −36.7 and −3.3 were measured twice and thus each plot has an error bar. The standard deviation was 4×10 −4 at / = −3.3 and 3×10 −4 at / = −36.7. Since the error was larger than the differential ΔSt, the decreasing tendency of TSP data was not detected by the thermocouples. The dispersion of the thermocouple data was caused by the following two factors: (1) dispersion of the test flow conditions which included a 9% scattering in terms of St at the stagnation point and (2) low SNR on the thermocouple measurement. Temperature increment in the short duration (30 ms) is less than 1 K.
Result and Discussion
Single Injection.
The Schlieren photograph in the case of the single injection is shown in Figure 10 (a). The sidejet was injected at the point a, / = 0. The flow field includes a barrel shock, bow shock, and separation shock. The surface distribution of St is shown in Figure 10 (b). Three characteristic regions, A, B, and C, can be defined in terms of heating patterns as illustrated in Figure 10 (c). In region A, the primary heat transfer increase takes place. According to the previous study [6] , region A corresponds to the reattachment line of the primary horseshoe vortex. Point b is defined as the point of maximum St on the -axis in region A. The St profile on the -axis is shown in Figure 10 
Dual Injection in Tandem Configuration
. Schlieren photographs in the tandem configuration are shown in Figure 11 . is defined as the distance between two jets, SJ1 and SJ2. When comparing Figure 10 (a) in the single injection case with Figure 11 (a) in the tandem configuration, the barrel shock of SJ2 is much smaller in the tandem configuration than in the single injection case. The size of the barrel shock of SJ2 increases with . On the other hand, the barrel shock of SJ1 is larger than in the single injection case, while its size increases with . The expansion of SJ1 is influenced by the presence of SJ2, since the interaction between the main stream and SJ1 is disturbed in the wake of SJ2. The barrel shock of SJ1 appears in the space outside the wake of SJ2. Because the region of influence of SJ2 expands downstream, the interaction between the main stream and SJ1 takes place at a higher level above the boundary of the wake of SJ2 when S is increased.
Surface St distributions in the tandem configuration are shown in Figures 12-14 . The heating patterns in the tandem configuration are basically similar to those in the single injection case and the three characteristic regions (A, B, and C) and the characteristic points (b, c, d) can be defined.
The most remarkable feature in the tandem configuration was the reduction of the separation area. As shown in Figure 12 (c), the point , which corresponded to the separation point in the tandem configuration, was closer to the exit of SJ2 than the point d in the single injection case. Separation length, sep , is defined here as the length between point (or ) and the exit of the SJ2. sep / is around 10 both in the tandem configuration and in the single injection case. In the case of the tandem configurations, for = 3.36 and 6.72D, the difference between d and , | − |, is around 15% of the separation length in the single injection case. By contrast, a smaller difference was observed for = 10.1 . From the viewpoint of application in an RCS, the separation of the boundary layer enhances the thrust, because the separation region generally indicates a moderate pressure rise, which contributes to the amplification of the thrust as reported in previous studies [4, 5] . Thus the reduced separation area in the tandem configuration could diminish the thrust amplification.
The St profile, along the -axis for = 3.36 , is shown in Figure 12 (c). The maximum value of St in the tandem configuration, at point b , is smaller than in the single injection case, by 23%. Figure 13(c) shows the St profile for = 6.72 and Figure 14 (c) for = 10.1 . In those cases, the maximum values of St were similar to those in the single injection cases.
Another feature of the tandem configuration is the shape of region A. A is defined as the distance from the -axis to the ridgeline of region A. Figure 15 shows A in both the single and tandem configurations. A increases monotonically with . In the single injection cases, each / -A curve approximates a quadratic curve. In the tandem configurations, a discontinuous point appears near = 0, which corresponds to the locus of SJ1. Downstream of the discontinuous point, the rate of increase of A increases. This feature is due to the interference of a horseshoe vortex, originating in front of SJ1, on the horseshoe vortex from SJ2. The existence of the horseshoe vortex around the rear sidejet, which corresponds to SJ1 in this study, has been reported by Lee [9] . Moreover, in the tandem configurations for = 6.72 and 10.1D, the region A upstream of the discontinuous point is thinner than in the single injection case, while there is little difference between two configurations for = 3.36 . This is because of the reduction in the expansion of SJ2 shown in Figure 11 . For = 3.36 , the barrel shocks of SJ1 and SJ2 merged, to behave as a single obstacle rather than two individual shocks. This is why the surface heating pattern in this case is similar to the single injection case. Furthermore, as indicated in Figures 13(b) and 14(b) , an additional heating area appeared in region A. A moderate heat transfer increase, approximately at St = 3 × 10 −3 , takes place in this area. This feature does not appear for = 3.36 . The heat transfer increase area was formed along the reattachment of the horseshoe vortex from SJ1, as well as in region A. Figures  16(a)-16(c) show the surface St distribution for the dual injections in the parallel configuration. Regions A to C can be defined as in the case of single injection. The geometries of the regions vary significantly depending on the injection hole spacing . In Figure 16 (a), for = 4 , the primary heating area, region A, represents an arch geometry, which is similar to the single injection case. The boundary of region B is unclear and indicated as a broken line. Further upstream, St drops slightly in region C on the boundary layer separation. In contrast, in Figure 16(c) , for = 12 , region A is formed around each jet. All region A shapes showed an asymmetric arch. Two arches of region B, each of which was generated outside of region A, merge near the -axis. Region C has a single-arch shape. St distribution for = 8 is different from those for = 4 and 12D. Although region A originated in front of each injector, they overlap in the middle of the injectors. Consequently, region A appears as a trident-shape, with a concave leading edge.
Dual Injection in Parallel Configuration.
St profiles along the -axis and on an axis passing through an injector are also shown in Figures 16(a) The separation area is extended further upstream in the parallel configurations. The separation length is, at most, sep / = 20.4 for = 8 , which is 70% larger than in the single injector case. Even within the minimum extension for = 12 , the separation length is extended by 30% from the single injection case. In terms of applications for RCS, by using the parallel configurations, the thermal load on vehicle surface is diminished. However, it should be noted that the surface area influenced by the interaction is apparently enlarged, and thus thrust amplification can also be influenced more significantly.
These heating patterns can be explained in terms of the shock-shock interactions. Kawamura et al. [20, 21] investigated a two-dimensional shock system around two cylinders aligned normal to a supersonic stream. Three different types of shock system were generated, depending on the distance between the two cylinders, as illustrated in Figure 17 . When the distance between the cylinders is large, as shown in Figure 17(c) , two shock waves cross at a single point between two cylinders. This regime is the so-called regular reflection (RR) [22] . At an intermediate distance, as shown in Figure 17(b) , the incident angle of the shocks becomes larger so that the shock regime transits to Mach reflection (MR) [22] , involving a triple point and a Mach stem. At a smaller distance, as shown in Figure 17 (a), a single bow shock is generated in front of the two cylinders. Similar shock systems should be generated for the side-jet injection in parallel configurations. The geometry of region A reflects features of the shock system. For = 12 , the shock system is in the RR regime and for = 8 in the MR regime, while the concave part of region A corresponds to the Mach stem. 
Conclusion
Aerodynamic heating induced by dual side-jets into hypersonic cross flow was investigated experimentally. Global heat flux distributions were represented in terms of Stanton number (St) by means of temperature sensitive paint (TSP), while the flow field was visualized by Schlieren photography. Two types of injector arrangements were employed; a tandem configuration with two injection holes aligned streamwise, and a parallel configuration with injector holes aligned normal to the freestream. The influence of the distance between the dual injectors was investigated. The following results were obtained:
(1) For dual injections in the tandem configurations, St distributions were basically similar to the single injection cases. The surface heating patterns were slightly different from the single injection case, while the separation area upstream of the front side-jet was found to be diminished. Separation length was reduced by 15%, at most, in comparison with single injection, and this effect was relaxed at larger injector spacing.
(2) For dual injections in the parallel configurations, the heat transfer increase was drastically diminished. The reduction was most effective at = 8 ; the peak St was reduced by 60% from the single injection case. The surface St distributions and the geometry of the separation area were sensitive to the distance between the two jets. The separation area was larger than in the single injection case. Separation area was largest at /D∼8, while the area of primary heating increased as S increased.
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